Aims-Poor blood flow and hypoxia/ischemia contribute to many disease states and may also be a factor in the decline of physical and cognitive function in aging. Nitrite has been discovered to be a vasodilator that is preferentially harnessed in hypoxia. Thus, both infused and inhaled nitrite are being studied as therapeutic agents for a variety of diseases. In addition, nitrite derived from nitrate in the diet has been shown to decrease blood pressure and improve exercise performance. Thus, dietary nitrate may also be important when increased blood flow in hypoxic or ischemic areas is indicated. These conditions could include age-associated dementia and cognitive decline. The goal of this study was to determine if dietary nitrate would increase cerebral blood flow in older adults. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Introduction
Until recently, nitrite was thought to be relatively inert biologically [1] . However, nitrite infusions leading to slightly supraphysiologic levels of plasma nitrite, from 180 nM at baseline to 2,600 nM, elevated forearm blood flow and was associated with nitric oxide (NO) formation [2] . Further research showed that a smaller rise in plasma nitrite to only 350 nM also increased forearm blood flow [3] . Levels of nitrite in plasma that are shown to improve blood flow can be achieved by consuming foods high in nitrate [4] . Once ingested, nitrate is absorbed from the upper part of the intestine, and transported via plasma into salivary glands where it is concentrated and released into saliva. Nitrate is subsequently reduced to nitrite by symbiotic, oral bacteria. The nitrite is swallowed and ultimately absorbed from the intestine into the circulatory system [4, 5] . Several groups have shown that ingesting diet sources high in nitrate leads to substantial increases in plasma nitrite [6] [7] [8] [9] . This conversion of nitrate to nitrite can be eliminated when volunteers either expectorate or use mouthwash which kills oral bacteria that are key to the conversion process [6, 8] . Physiologic effects from increasing dietary nitrate and plasma nitrite include reduction in blood pressure [6, 8] , improvement in intestinal health [10] , and increases in exercise performance [9] which are all attributed to the further reduction of nitrite to NO. Interestingly, nitrite is being investigated for use in a variety of conditions, including ischemic-reperfusion injury, pulmonary hypertension, stroke, sickle cell disease, and gastric diseases [5, 11] . A major feature of nitrite's ability to increase blood flow is that it acts preferentially in hypoxic conditions, allowing nitrite to increase blood flow precisely in the areas where it is needed most [2, 12, 13] . We hypothesized that we could use this feature to increase cerebral blood flow in older adults.
As the average age in the United States continues to rise, there has been increasing interest in gaining a better understanding of the aging brain and the neurological morbidities that accompany aging. Cognitive decline in general and dementia in particular, are sources of morbidity and dependency for older adults. These conditions also place an enormous burden on the family and society. It has been shown that diminished blood flow to the brain contributes to cognitive impairment [14] . In addition, from the Rotterdam Study, it has been shown that cerebral hypoperfusion precedes and probably contributes to the onset of clinical dementia [15] . Moreover, diminished cerebral blood flow has been linked to poorer cognition, such as a reduction in information processing speed, and to dementia [16, 17] . A ubiquitous finding in neurocognitive disorders associated with aging is the so-called "white matter hyperintensity" (WMH) . Chronic ischemia appears to be the fundamental process that leads to WMHs, often referred to as leukoaraiosis. Several underlying mechanisms have been shown to contribute to this chronic ischemic state, including abnormal arterioles, capillaries and venules, and increased tortuosity of arterioles as we age [18] [19] [20] . Chronic ischemia in the white matter appears to be the complex endgame leading to the WMHs and is associated with cognitive decline [21] . In particular, age-related white matter degeneration has been linked to poor executive functioning as assessed by measures of working memory [22, 23] dichotic listening [24] , task switching [25] and episodic retrieval [26] .
The current analyses are on 2 separate studies. The first was a preliminary study that tested the time course of plasma nitrate and nitrite levels over a 3-hour period following consumption of a high nitrate breakfast, which included beetroot juice. This provided us with a target time for measuring cerebral blood flow in the subsequent study based on the peak level achieved and kinetics of the plasma nitrate and nitrite concentrations. The subsequent and primary study examined in a within subject design the effect of two levels of dietary nitrate (high vs. low) over a 24-hour feeding period on acute changes in cerebral blood flow in older adults as measured by magnetic resonance (MR) imaging. Each person was provided both dietary conditions in a randomized order on separate days and blood flow was assessed with each diet. The hypothesis for the primary study was that a diet high in nitrate containing foods and beverages would produce changes in cerebral blood flow in key and critical areas of the brain, principally those associated with executive function, compared to a diet of foods that are low in nitrate. The fact that nitrite-based increases in blood flow targets areas of hypoxia [2, 12, 13, [27] [28] [29] supports the hypothesis that increasing plasma nitrite will increase cerebral brain perfusion in these areas where it is needed most
Methods

Subject Description
Subject selection for both studies followed the same criteria with an age cutoff of ≥ 70 years old. In the preliminary study, a total of 5 individuals were recruited, and the primary aim for the larger trial was addressed by recruiting a total of 16 older adults to undergo both a high nitrate and a low nitrate dietary intervention as approved by the Institutional Review Board at Wake Forest University. The investigations conformed to the principles outlined in the Declaration of Helsinki. A phone screen was administered to interested individuals for eligibility requirements. Exclusion criteria included those with systemic uncontrolled diseases, use of medications that may be contraindicated or interact with the high nitrate diet, such as nitroglycerin or nitrate preparations used for angina, or phosphodiesterase type 5 (PDE5) inhibitors, including sildenafil (Viagra®). Individuals with clinical hypotension or those with a resting blood pressure less than 100/60 were also excluded. In addition, individuals had to agree to report to the testing facilities, had no avoidance to the foods provided, had a Mini-Mental State Exam (MMSE, [30] ) score of at least 24 (older adults with a score below 24 would not be able to complete the assessments reliably), and had no history of medical conditions that could impair cognition, such as head injury, stroke or dementia. They were also appropriately screened to be eligible for MR imaging.
Study Design
For the preliminary time course study, participants reported to the laboratory after an overnight fast. Blood was drawn and then they were fed a high nitrate breakfast that contained 500 ml of beetroot juice (see high nitrate breakfast in Table 1 for specific foods). At 30-minutes, and 1, 2, and 3 hours after finishing the meal, blood was drawn to determine plasma levels of nitrate and nitrite.
In the cerebral perfusion trial, all participants received both treatments in a within-subject research design with diet conditions being delivered in a Latin-Square arrangement, that is, on days 1 and 2, one-half of the participants received the low nitrate diet first and the other half received the high nitrate diet first, and then for days 3 and 4 they switched treatments (see section below for description of the diets). Comparisons were made between the low and high nitrate diets with the low nitrate diet serving as the control treatment. The timeline for the study design is shown in Figure 1 . All participants reported to the laboratory on 4 consecutive days; each diet treatment lasted two days. On day 1, participants arrived at the laboratory in the morning following a 10-hour overnight fast and completed an informed consent and provided a medical history and health status report. Participants were then fed breakfast comprised of foods from either the low nitrate or the high nitrate diet for their respective treatment. Foods for lunch and dinner were given to the individuals to take home to eat for the rest of day 1 following the same diet treatment given at breakfast (low or high nitrate). They reported back to the laboratory after a 10-hour overnight fast for breakfast on day 2. The same diet as for day 1 (low or high nitrate) was consumed for breakfast on day 2. Blood was drawn prior to breakfast on day 2 and at 1-hour after finishing breakfast. Brain imaging occurred immediately after the 1-hour post-breakfast blood draw. These times were based on the results from the preliminary time course study. They reported back to the laboratory on day 3 and performed the second experimental condition: either low or high nitrate diet. This followed the same pattern as day 1 with breakfast consumed in the laboratory, and food for lunch and dinner, which was provided to them, on day 3 consumed at home. On day 4, they reported back to the laboratory after a 10-hour fast, had blood drawn prior to eating, then ate breakfast of their second experimental condition. One hour after eating, participants had another blood draw, proceeded by brain imaging following the same procedure as in the first experimental condition. The time from after the imaging on day 2 to breakfast on day 3 was considered the washout period and participants resumed their normal diet during this period. This provided a 24 hour washout period between diet treatments (breakfast of day 2 until breakfast of day 3), as well as 48 hours between assessments (1-hour after breakfast on day 2 until fasting pre-breakfast assessment on day 4). No blood assessments were performed on day 1 or 3 prior to starting the respective treatments since individuals were on varied diets and nitrate and nitrite levels would have reflected their typical intake; thus not providing a control level for comparison purposes within treatment groups of the outcome measures.
Compliance to the diet treatments was determined based on direct observation by research staff of food and drink consumption at breakfast on all days, as well as obtaining a diet record for lunch, dinner, and snacks on days 1 and 3. Participants were asked to record any foods they did not consume that were part of the diet as well as record any foods they ate in addition to provided foods. Table 1 
Diets (See
for complete listing of foods)
The low nitrate diet was low in fruits and vegetables and contained primarily grains, meats, and dairy products. Processed meats high in nitrates and nitrites, such as hotdogs, bacon, and sausage were avoided. The high nitrate diet contained foods high in vegetables, particularly leafy green vegetables like spinach, lettuce, and broccoli. For the high nitrate breakfast, individuals also consumed 500 ml of beet juice (Biotta, Inc., Carmel, IN). Food and beverages were liquefied and assayed for their nitrate and nitrite levels using a Sievers Nitric Oxide Analyzer. For the beet juice, nitrate and nitrite concentrations were 17 mM and 31 nM, respectively. The beet juice thus provided 8.5 mmol of nitrate (530 mg). The values measured for the high vs. low nitrate foods, respectively, were 3.9 mmol vs. 0.089 mmol for nitrate, and 20 µmol vs. 0.4 µmol for nitrite. Thus, the two diets were similarly low in nitrite content, but the high nitrate diet had a total of 12.4 mmol compared to 0.089 mmol for the low nitrate diet, nearly a 150 fold difference. For both diets, distilled water was provided to drink.
Measures
For both studies, blood was collected using similar techniques. Blood was taken from an antecubital vein and collected in two 4 mL Lithium heparin vials. The tubes were immediately centrifuged at 5,000 rpm for 2 min, plasma removed, immediately frozen on dry ice in aliquots with ~0.4 mL of plasma, and stored in a −80° C freezer. For the time course study, plasma nitrate and nitrite were determined from blood obtained before and then at 30-minutes and hourly for 3-hours after eating the high nitrate meal. In the perfusion study, age, gender, medical history, and MMSE were obtained on day 1 at the first laboratory visit. Blood was obtained on days 2 and 4 prior to breakfast and at 1-hour after eating.
Plasma and diet nitrite and nitrate levels were measured using chemiluminescence-based Nitric Oxide Analyzers (Sievers, Inc) according to instructions of the manufacturer. For all measurements, standard curves were obtained and used for quantitative measurements.
Cerebral blood flow (CBF) was determined from MR images collected 1 hour following breakfast on days 2 and 4. All scans were performed on a 1.5T GE scanner using an 8-channel head coil (GE Medical Systems, Milwaukee, WI) and included anatomic imaging (3D BRAVO) and perfusion imaging (PASL Q2TIPS, TR3000, voxel size 3.75mm × 3.75mm × 8mm). Non-invasive multi-slice quantitative CBF was measured with Quantitative Imaging of Perfusion using a Single Subtraction with Thin Slice TI1 Periodic Saturation (QUIPSS II TIPS a.k.a. Q2TIPS) [31] with a Flow-sensitive Alternating Inversion Recovery (FAIR) [32] . In our implementation of Q2TIPS, saturation pulses were Very Selective Suppression (VSS) radio frequency pulses [33] , which were applied every 25 ms between 800 ms (TI 1 ) and 1200ms (TI 1s ) and which saturated a 2 cm slab of tissue with a 1 cm gap between the saturation slab and the first imaging slice. Other imaging parameters were as follows: TE 28 ms, TI 1 800ms, TI 1s 1200 ms, TI 2000 ms, TR 3000 ms, receiver bandwidth 62.5 kHz, flip angle 90 degrees, FOV 24 cm (frequency) × 18 cm (phase), an acquisition matrix 64 × 48 (11 slices, 8 mm thickness, 0 mm slice gap), and frequency encoding direction anterior/posterior. A diffusion gradient with an equivalent b value of 5.25 sec/mm 2 was added to suppress intra-arterial spins [34] . An inversion time of 2000 ms was used for both groups.
Q2TIPS-FAIR acquired data in label/control (slice selective inversion/global inversion) pairs. We acquired 60 label/control pairs to obtain perfusion weighted images with good signal-to-noise ratio in a time of 6 minutes 30 seconds. The first 30 seconds (10 volumes) was used to establish steady state and to acquiring a proton density (M0) image. The M0 image served as an internal reference to scale the perfusion weighted images appropriately to obtain quantitative CBF maps.
Quantitative CBF maps require that the T1 of the tissue be measured at each voxel. T1 maps were calculated from data acquired from a separate inversion recovery EPI imaging experiment. Twelve inversion times were acquired logarithmically from 10 milliseconds to 6 seconds with a TR of 10 seconds. A total of 13 imaging volumes were acquired in a total scan time of 2 minutes and 10 seconds. All other imaging acquisition parameters (FOV, matrix size, TE, flip angle, slice thickness, and slice location, etc) were identical to the Q2TIPS-FAIR protocol described previously.
Perfusion imaging preprocessing-Prior to statistical analyses, perfusion data were processed using the following algorithms [35] . Motion correction was applied to the perfusion weighted volumes with a six-parameter rigid body transformation using SPM5. After motion correction the difference images were averaged together, and quantitative perfusion maps were calculated from the equation:
where CBF is the cerebral blood flow, ΔM(TI 2 ) is the mean difference in the signal intensity between the label and control images, M 0,blood is the equilibrium magnetization of blood, α is the tagging efficiency, TI 1 is the time duration of the tagging bolus, TI 2 is the inversion time of each slice, and T 1,blood is the longitudinal relaxation time of blood, q p is a correction factor that accounts for the difference between the T1 of blood and the T1 of brain tissue. The M 0,blood was approximated from the M 0, white matter , which was measured directly from the M0 image acquired with the perfusion weighted images. The correction factor, q p , required that the T1 of the brain tissue be measured at each voxel, which was measured with a separate inversion recovery (IR) EPI imaging experiment. All other parameters are known or assumed to be a constant (TI 1 =800ms, TI 1S =1200ms, T 1,blood =1200ms). These maps measured perfusion in standard units of milliliters per 100 grams of tissue per minute.
Statistical Analysis
Nitrite and nitrate values are reported as the mean ± one standard deviation. Repeated measures analysis of variance was used to compare the 5 time points for plasma nitrate and nitrite in the time course study. Paired t-tests were used to compare differences between the low and high diet conditions for the plasma nitrite and nitrate in the perfusion study. Cerebral perfusion analyses were performed using SPM 5 within Matlab. Imaging data were normalized to standard space within SPM to allow for perfusion comparisons in each voxel. Voxel-wise paired t-tests were performed to evaluate the effects of nitrate in an unbiased manner due to a lack of a priori knowledge of where the effects of nitrate would be observed. The voxel wise statistics can result in large numbers of false positives due to multiple comparisons. Therefore, data were corrected for multiple comparisons by first applying a relatively stringent threshold (p<0.005), and then applying an extent correction such that significant areas had to contain a minimum of 180 contiguous voxels.
Results
For both studies presented, the beetroot beverage and diets were generally well-tolerated by participants. The common expected side effects of red stools and urine associated with drinking beetroot juice (beeturia) were experienced and reported. One individual in the perfusion study was excluded from the analysis as they refused to drink the beetroot juice on day 2 of the high nitrate diet. No other symptoms, such as dizziness, orthostatic hypotension, or headaches were reported by participants. Compliance to the diet was high as the foods were well tolerated and no participant reported consuming additional food outside of the diet provided during testing days.
Five individuals completed the time course study. Figure 2 demonstrates the mean values for both plasma nitrate and nitrite at each data collection time. Following the overnight fast, plasma nitrate was 51.1 ± 22.3 µM and it increased at 30-minutes and remained elevated above the initial fasting draw throughout the 3-hours, F(4,16)=21.31, p<0.001. There were no differences between 1, 2, and 3 hours for nitrate, and all were higher than at 30-minutes. A similar increase in plasma nitrite was seen over time, F(4,16)=9.90, p<0.001. Post hoc comparisons showed a marginally significant trend for the 30-minute plasma to be higher than the pre-breakfast blood draw (p=0.058). By 1-hour, nitrite was elevated above both prebreakfast and 30-minutes, and it remained higher than the fasting draw throughout the 3 hours.
A total of 16 individuals were recruited for the perfusion study with 14 completing all components (mean age = 74.7 ± 6.9 years). One subject was excluded as they did not drink the beetroot juice on the second day for the high nitrate diet. A second subject was excluded due to a large susceptibility artifact in the MR images. Plasma nitrite and nitrate levels were measured both prior to the last breakfast (Pre) and one hour after (Post) the breakfast on days 2 and 4 of the study. As shown in Figure 3 , consumption of the high nitrate diet resulted in substantially greater plasma nitrate ( Figure 3A ) and nitrite ( Figure 3B ) levels at both time points (Pre and Post) compared to low nitrate diet. The average nitrate levels one hour after consuming the high nitrate breakfast on the test day was 750 ± 230 µM compared to 80 ± 30 µM measured one hour after consumption of the low nitrate breakfast, over a 9 fold change (t(14)=-11.1, p<0.001). Average plasma nitrite level one hour after consuming the high nitrate breakfast on the test day was 950 ± 470 nM compared to 120 ± 70 nM measured one hour after consumption of the low nitrate breakfast, nearly an 8 fold change (t(14)=−7.1, p<0.001). Interestingly, plasma nitrite and nitrate levels were also higher after the overnight fast on the high nitrate diet compared to the low nitrate diet (compare Pre for high vs. low nitrate diets). The average ± standard deviation plasma nitrate values measured in these post-overnight fast, pre-breakfast time points were 300 ± 140 µM for the high nitrate breakfast compared to 120 ± 60 µM for the low nitrate breakfast (t(14)=−5.0, p<0.001). The average plasma nitrite values measured in this post-overnight fast, prebreakfast draws were 320 ± 250 nM for the high nitrate breakfast compared to 84 ± 40 nM for the low nitrate breakfast (t(14)=−3.8, p=0.002). Interestingly, eating the low nitrate breakfast increased plasma nitrite but decreased plasma nitrate (nitrite goes from 84 ± 40 nM to 120 ± 70 nM (p = 0.005) and nitrate goes from 120 ± 46 µM to 80 ± 30 µM (p = 0.01)). These data for plasma nitrate and nitrite are pooled and are not based on treatment order, but on treatment assignment. Further analysis to examine for first order effect showed no differences in outcome variables based on treatment order. That is, participants exposed to the high nitrate diet first did not show a significant increase in plasma nitrate and nitrite during their low nitrate diet treatment for either pre or post measures as compared to those that received the low nitrate diet first. Most importantly, the data in Figure 3 demonstrate that dietary nitrate in our study of older adults led to dramatic increases in plasma nitrite just prior to imaging; levels one hour after eating the high nitrate breakfast were several times higher than one hour after eating the low nitrate breakfast (see Post data in Figure 3B ).
There were no global perfusion differences when the 14 subjects were on their low nitrate and high nitrate diets. Specifically, average global CBF was 43 ± 10 ml/100g/min on the low nitrate diet and 44 ± 10 on the high nitrate diet. However, when a voxel wise analysis was performed (comparison of each brain voxel across subjects), the subjects demonstrated increased CBF within the subcortical and deep white matter of the frontal lobe (Figures 4  and 5 ). These differences were located between the dorsolateral prefrontal cortex region and anterior cingulate gyrus. Figure 4 shows CBF on a coronal slice through the frontal lobes for the 14 subjects on the high nitrate and low nitrate diets. Note the subtle increased perfusion within the frontal lobe gray matter and increased perfusion at the gray-white junction and within the white matter itself (smaller blue and purple regions). Figure 5 shows the statistical comparison of the 14 subjects on the high versus low diets. While there were regions in the frontal lobe gray matter that showed increased flow in the high nitrate state, these areas did not reach statistical significance. However, there were four statistically significant areas of increased CBF within the bilateral white matter of the frontal lobes, areas known to be at risk for chronic ischemia in the elderly. The peak location, mean perfusion, and standard deviation for these areas are listed in Table 2 . The cross-hairs on the native CBF maps in Figure 4 were placed to illustrate those regions in Figure 5 where significant increases in CBF were present on the high nitrate diet. A post-hoc analysis evaluating the effects of diet order was performed on the mean measures from the right anterior region-of-interest. This analysis showed that perfusion was greater in the high nitrate diet compared to the low nitrate diet independent of order.
Discussion
In a study led by Gladwin in 2003, it was shown that slightly supraphysiological amounts of infused nitrite (going from 180 nM at baseline to 2,600 nM after infusion) led to increased forearm blood flow [2] . More recently, the Gladwin lab showed that infusion of nitrite to achieve a level of only 350 nM results in increased forearm blood flow [3] . Others have since confirmed that nitrite acts as a vasodilator in various tissues and that its activity is heightened in hypoxia [36] [37] [38] [39] [40] . Rifkind and coworkers showed that nitrite infusions led to increases in cerebral blood flow in rats as measured by laser Doppler flowmetry [38] . Thus, there is growing evidence that nitrite, rather than being relatively biologically inert, can act as a potent vasodilator harnessed primarily under hypoxic conditions. In this paper, we demonstrated the ability of oral nitrate to increase plasma nitrite and to increase cerebral blood flow within white matter in older adult humans using perfusion MRI.
Others have previously shown that substantial elevations in plasma nitrite occur through increasing dietary nitrate intake [4] . Nitrate from the diet, once absorbed from the intestine, is taken up from the plasma by salivary glands and concentrated in saliva; nitrate is subsequently reduced to nitrite by symbiotic, oral bacteria and ultimately absorbed into the circulatory system [4, 5] . Documented physiological effects from increasing dietary nitrate include reduction in blood pressure [6, 8] , improvement in intestinal health [10] , and increases in exercise performance [9] . These effects are eliminated when volunteers either spit or use mouthwash, thereby implicating the importance of nitrate reduction to nitrite by oral bacteria. The level of nitrate utilized in the current study (12.4 mmol) from the dietary manipulations falls within the range shown by others to reduce blood pressure and improve exercise performance (22.5 mmol and 5.5 mmol, respectively).
To our knowledge, we are the first to demonstrate that these pathways also function in older adults. One might think that due to xerostomia, altered oral bacterial colonization, and increased gastric pH, the effect of dietary nitrate on plasma nitrite levels of older adults would not be as great as for younger adults. However, the increases in plasma nitrite that we observed in these older adults (an average of 630 nM increase one hour after the high nitrate breakfast compared to before the breakfast, and an average of 830 nM increase in post high nitrate breakfast compared to post low nitrate breakfast, Figure 3) are comparable to what has been observed in younger adults [6, 8] . Moreover, the plasma levels of nitrite achieved in our study using a dietary nitrate intervention (950 ± 470 nM, with a range of 280 to 1890 nM measured 1 hour after the high nitrate breakfast) are similar in magnitude to those obtained in nitrite infusions which led to increased forearm blood flow [2, 3] . Thus, as dietary nitrate is a natural variant, our data support the idea that nitrite is a physiological (rather than simply therapeutic) modulator of blood flow.
Results from the initial kinetics study presented here demonstrate the time course of changes in nitrate and nitrite after consuming the high nitrate breakfast containing 500 ml of beetroot juice. There was an increase in plasma nitrite levels by over 5 fold above fasting values in one hour, and this level was maintained for at least an additional two hours. These findings suggest that the plasma nitrite concentrations are maintained at a high level for the time participants in the perfusion study underwent imaging for perfusion measures.
In fact, the effects of dietary nitrate on plasma nitrite and nitrate levels were observed to be sustained after the overnight fast (compare levels of different diets pre-breakfast in Figure  2) , suggesting that the effects of dietary nitrate are prolonged. Consumption of the low nitrate breakfast led to increases in plasma nitrite, but nitrate levels decreased. This could possibly be due to increased swallowing and gastric activity leading to more nitrate conversion to nitrite without consumption of substantial amounts of additional nitrate.
Although the effects of the nitrate in the diet on plasma nitrite and nitrate levels was highly significant, there was a substantial amount of variability, particularly in the levels of nitrite. The increase in individual subjects in plasma nitrite after the high nitrate breakfast compared to the low nitrate breakfast ranged from none in one case and a few fold in a couple of cases to up to 20 fold. This variance is not grossly dissimilar to that previously reported in a study using beet juice in younger adults [8] . The cause for this large variance could be related to variability in the nitrate reductase activity of oral bacteria in different individuals, rates of nitrate uptake, or other causes. Additionally, gastric pH may lead to alterations in nitrate and nitrite metabolism. The presence of achlorhydria and use of pharmacological agents that can affect gastric pH, such as proton pump inhibitors were not controlled in the present study and this may have contributed to the variability observed. Clearly, this individual difference in response deserves further study.
There have been several mechanisms proposed for nitrite's vasodilatory action, all involving conversion of nitrite to nitric oxide, although sometimes through the intermediacy of other nitrogen oxides [13] . Most (but not all [41] ) of these involve the action of a particular protein and those proposed include hemoglobin [2, 42] , myoglobin [43, 44] , xanthine oxidoreductase [45, 46] , nitric oxide synthase [47] , cytochrome c oxidase [48, 49] , aldehyde oxidase [50, 51] and cytochrome c [52, 53] . It is likely that several of these act to reduce nitrite in different tissues and different conditions. Importantly, all proposed mechanisms of nitrite reduction to nitric oxide include a potentiation under hypoxic conditions, consistent with observed physiological nitrite action.
Earlier work has shown that aging is associated with progressive impairment of endothelial function [54] . This may lead to a reduction in NO produced from arginine via the nitric oxide synthase (NOS) reaction in the endothelium and contribute to the reduced perfusion in tissues with aging. Supplementing L-arginine in older adults has produced equivocal results with some groups indicating improvements in flow-mediated dilation and other showing no effect with L-arginine supplementation [55, 56] . The current work indicates improvement in tissue perfusion via an endothelium-independent treatment. It would be informative to determine if L-arginine supplementation would increase cerebral blood flow independent of the effect from dietary nitrate, or if there is a potentiating effect from these two agents.
Historically, very high concentrations of nitrate in drinking water were thought to cause methemoglobinemia in infants, but more recent research has questioned whether nitrate or nitrite alone is the cause or if bacterial infection is also required [57, 58] . Furthermore, in the 1970s, concern over the possibility of nitrite causing cancer arose from the theoretical association between the ability of nitrite to form nitrosamines in the gut and studies showing that nitrosoamines are carcinogenic [58] [59] [60] [61] . However, the evidence that high levels of nitrate in diet causes any type of cancer is weak and most studies have found no link between dietary nitrate and cancer at all [58, 59] . The highest sources of nitrate in our diet are found in certain vegetables like spinach, celery, and beetroot, and epidemiologic evidence does not support these foods as causing diseases from nitrate. It may be that in addition to nitrate, vegetables also have antioxidants which may protect against nitrosamine formation. This being said, it is possible that some human subpopulations may be especially sensitive to cancer causing effects of nitrate and continued monitoring of this potential untoward health effect is advisable.
Chronic ischemia in the white matter is associated with aging. Chronic ischemia appears to be the fundamental process that leads to so-called white matter hyperintensities (WMHs). Several underlying mechanisms have been shown to contribute to this chronic ischemic state, including abnormal arterioles, capillaries and venules, and increased tortuosity of arterioles as we age [18] [19] [20] . However, whatever the cause and regardless of the clinical diagnosis, chronic ischemia in the white matter appears to be the complex endgame leading to cognitive decline [21] . As poor cerebral perfusion and ischemia have been associated with cognitive decline and dementia [14] [15] [16] [17] [18] [19] [20] [21] , our results support the proposal that oral nitrate therapy may be beneficial in treating cognitive decline that is often observed with aging. Towards that end, we show a direct effect of dietary nitrate on cerebral blood flow within the subcortical and deep white matter of the frontal lobes. This finding is intriguing as there is evidence for an anterior-posterior gradient in age-related degeneration of white matter [62, 63] suggesting frontal regions are particularly compromised by aging. Moreover, there is a strong relationship between losses in white matter integrity and declines in aspects of executive function, including working memory, task-switching and episodic memory retrieval [25, 26, 62] , which are important for older adults' performance of instrumental activities of daily living, such as writing checks, using appliances, and shopping [64] .
As already discussed, nitrite has been shown to not only increase blood flow to certain areas of the body, but also acts preferentially in hypoxic conditions, allowing nitrite to increase blood flow precisely in the areas where it is needed [2, 12, 13] . Based on this notion, our data suggest that a diet high in nitrate might allow increased perfusion to those areas of the brain known to be at risk in the elderly and important for cognitive function -the deep white matter in the frontal lobe.
The diets used in our studies were designed to be isocaloric with similar protein levels, but differing levels of nitrate. The measured levels of nitrate were more than 1,000 fold different but the nitrite levels were similar between the low and high nitrate treatments. Based on the different food groups that compose each diet, it is expected that the level of antioxidants and other phytochemicals in the diets differ. We recognize that other dietary components besides nitrate may be partially responsible for the differential response in cerebral perfusion we observed. However, previous studies using a treatment of beetroot juice only or nitrate by itself have found that minimizing the conversion of nitrate to nitrite, by using mouthwash to kill bacteria or spitting to lower the absorption of nitrite, eliminated the hypotensive effect of the nitrate or juice [6, 8] . Thus, we suggest that the differences in nitrate in the diet and nitrite in the plasma are primarily responsible for the physiological effect we observed. Nevertheless, using a bactericidal mouthwash or spitting would need to be performed to substantiate the effect observed with the current diet is from the nitrate content in the diet.
Conclusions
We have shown, as previously demonstrated in younger adults, that consumption of a high nitrate diet results in substantial increases in plasma nitrite in older adults. The increase in plasma nitrite and nitrate is sustained, even after overnight fast. Generally, we hypothesize that dietary nitrate may be beneficial in compensating for age-related endothelial dysfunction and associated pathology. In this study we focused on cerebral blood flow and found that perfusion increased in frontal lobe white matter after consumption of the high nitrate diet compared to the low nitrate diet. Further studies are required to confirm that the effect we observed is due to nitrate and to refine the nitrate diet. Such work has potential to lead to interventions that could improve cognitive and physical functional health in older adults. Timeline of study design for the larger study that included MRI scans. Plasma nitrate (A) and nitrite (B) levels prior to and at 30-minutes, 1-hour, 2-hours, and 3-hours following a high nitrate breakfast in the time course study. Plasma nitrite and nitrate were measured after consumption of a high nitrate breakfast following overnight fast. Averages and standard deviations are shown (n=5). * indicates significantly different than fasting values # indicates significantly different than at 30-minutes Plasma nitrate (A) and nitrite (B) levels in the perfusion study. The levels reflect measures on days and 2 and 4 of the study, either before (Pre) or one hour after (Post) consuming breakfast on the high or low nitrate diet. Subjects consumed either a high or low nitrate diet starting on days 1 and 3 that continued through the breakfast before and after which blood was drawn. Values plotted are averages ± one standard deviation. * indicates significantly different than fasting values Group cerebral blood flow maps (in ml/100g tissue/minute) for the 14 subjects on the high nitrate diet (left) and low nitrate diet (right). Both images are from a coronal slice through the frontal lobes. There is subtle increased perfusion within the frontal lobe gray matter and at the gray-white junction and within the white matter itself (smaller blue and purple regions). The cross-hairs were placed to illustrate those regions in Figure 5 where statistically significant increases in CBF were present on the high nitrate diet. Cerebral blood flow (CBF) differences between the high nitrate diet and low nitrate diet states. Statistical maps show significant differences in regional blood flow for the n=14 subjects on the high nitrate diet versus on the low nitrate diet. Note the increased CBF (ml/ 100g/min) within the bilateral white matter of the frontal lobes, areas known to be at risk for chronic ischemia in the elderly. The bottom left image is a coronal slice at the level of genu of the corpus callosum. The diagonal stacked images are axial slices extending from the uppermost portions of the lateral ventricles superiorly to the basal ganglia/mid-body of the lateral ventricles inferiorly. Although there are some asymmetries to the findings, the effects on CBF from the high nitrate diet clearly manifest bilaterally within the white matter. Statistical analyses were performed at p<0.005, extent corrected at 180 voxels. Color scale represents the t-score from a voxel-wise paired-samples t-test. Table 1 High and low nitrate diets Nitric Oxide. Author manuscript; available in PMC 2012 January 1.
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Nitric Oxide
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Cerebral Blood Flow
Table 2
The mean and standard deviation of the perfusion (ml/100g tissue/min) was calculated for a 10mm diameter region-of-interest centered at each the peak of significance. Values are presented for low and high nitrate diets in each of the four regions. 
